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ABSTRACT 

I 

R e c e n t l y ,  t h e r e  h a s  been  c o n s i d e r a b l e  i n t e r e s t  i n  t h e  u s e  o f  s ing le-mode  
d i o d e  lasers i n  a t o m i c  f r e q u e n c y  s t a n d a r d s .  I n  t h e  p r e s e n t  p a p e r  
t h e o r e t i c a l  c a l c u l a t i o n s  a r e  per formed i n  o r d e r  t o  q u a n t i f y  t h e  e x p e c t e d  
pe r fo rmance  improvement upon i n c o r p o r a t i o n  o f  d i o d e  l a s e r s  i n  rub id ium g a s  

I c e l l  a t o m i c  f r e q u e n c y  s t a n d a r d s .  We assume t h a t  c l o c k  s i g n a l  s h o t  n o i s e ,  
t h e  d i o d e  l a s e r ' s  quantum n o i s e  and  d i o d e  l a s e r  f r e q u e n c y  l o c k i n g  n o i s e  a l l  

I c o n t r i b u t e  t o  t h e  a t o m i c  f r e q u e n c y  s t a n d a r d ' s  s t a b i l i t y .  Our r e s u l t s  
i n d i c a t e  t h a t  w h i t e  n o i s e  A l l a n  v a r i a n c e s  o f  ~ 6 x l o - ' ~ / f i  a r e  p o s s i b l e  if 
enhanced  c a v i t y  d i o d e  l a s e r s  a r e  employed,  whe reas  f o r  p r c s e r i t l y  
a v a i l a b l e  commerc ia l  d i o d e  l a s e r s  we p r e d i c t  w h i t e  n o i s e  A l l a n  v a r i a n c e s  
of 3 x 1 0 ~ ' ~  / fi . These  v a r i a n c e s  r e p r e s e n t  a 2-3 o r d e r s  o f  magn i tude  
improvement i n  f r e q u e n c y  s t a b i l i t y  o v e r  t h a t  c u r r e n t l y  o b t a i n e d  w i t h  
r u b i d i u m  gas c e l l  a t o m i c  c l o c k s .  

INTRODUCTION 

R e c e n t l y ,  t h e r e  has been  c o n s i d e r a b l e  i n t e r e s t  i n  and  s p e c u l a t i o n  on t h e  
u s e  of s i n g l e - m o d e  d i o d e  l a s e r s  f o r  o p t i c a l  pumping i n  atomic f r e q u e n c y  
s t a n d a r d s .  I n  p a r t i c u l a r ,  c u r r e n t  e f f o r t s  are  p r i m a r i l y  f o c u s e d  on the 
c e s i u m  beam f r e q u e n c y  s t a n d a r d  ,' where  a t o m i c  s t a t e  p r e p a r a t i o n  by d i o d e  
l a s e r  o p t i c a l  pumping and  a t o m i c  s t a t e  d e t e c t i o n  by d i o d e  l a se r  i n d u c ~ d  
f l u o r e s c e n c e  a r e  e n v i s a g e d  as r e p l a c i n g  t h e  t r a d i t i o n a l  A and  B magne t s  of 
a t o m i c  beam s t a n d a r d s .  The i m p e t u s  f o r  t h i s  a c t i v i t y  i s  t h e  many p o s s i b l e  
a d v a n t a g e s  o f  o p t i c a l  s t a t e  p r e p a r a t i o n  and d e t e c t i o n ,  f o r  example  g r e a t e r  
s i g n a l  t o  n o i s e  r a t i ~ s , ~  and r e c e n t  t h e o r e t i c a l  and  x p e r i m e n t e l  work would 
i n d i c a t e  t h a t  t h e s e  e x p e c t a t i o n s  a r e  w e l l  founded.  3 y '  However, i n  a d d i t i o n  
t o  t h e  ce s ium beam f r e q u e n c y  s t a n d a r d  work t h e r e  has a l s o  been  a g rowing  
i n t e r e s t  i n  t h e  a r e a  o f  d i o d e  l a s e r  o p t i c a l  pumping i n  rub id ium gas c e l l  
f r e q u e n c y   standard^,^ where i t  i s  a n t i c i p a t e d  t h a t  d i o d e  lamer o p t i c a l  
pumping w i l l  b o t h  improve  t h e  s i g n a l  t o  n o i s e  r a t i o  and  d r a s t i c a l l y  r e d u c e  
l i g h t  s h i f t  e f f e c t s .  U n f o r t u n a t e l y ,  i n  c o n t r a s t  t o  t h e  c e s i u m  beam 
s t u d i e s ,  t o  d a t e  t h e r e  have been no t h e o r e t i c a l  c a l c u l a t i o n s  t o  s u p p o r t  
t h e s e  e x p e c t a t i o n s  o r  t o  p r o v i d e  i n s i g h t s  i n t o  t h e  c h o i c e  of t h e  o p t i m a l  
o p t i c a l  pumping c o n d i t i o n s .  
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In order  t o  remedy t h i s  s i t u a t i o n  t h e  p r e s e n t  s e r i e s  of t h e o r e t i c a l  
c a l c u l a t i o n s  were under taken.  I n  p a r t i c u l a r ,  we c o n s i d e r  a rubidium g a s  
c e l l  a tomic  f requency s t a n d a r d  o p e r a t i n g  i n  i t s  t r a d i t i o n a l  c o n f i g u r a t i o n  
( i  . e . ,  cw o p t i c a l  pumping), excep t  t h a t  t h e  t y p i c a l  rf d i s c h a r g e  lamp used 
f o r  o p t i c a l  pumping i s  rep laced  by a s ing le -mode  d i o d e  l a s e r  tuned 
t o  t h e  5 P3,2(F=C,1, 2,3) - 5 2 ~ 1 / 2  (F=2)  o p t i c a l  a b s o r p t i o n  resonance  of 
~ b 8 7 .  Furthermore, we asstime t h a t  t h e r e  i s  no f i l t e r  c e l l ,  and t h a t  t h e  
resonance c e l l  c o n t a i n s  pure  ~ b ~ ~ .  The c a l c u l a t i o n s  a r e  performed i n  such  
a way t h a t  f o r  a  p a r t i c u l a r  i n c i d e n t  d i o d e  l a s e r  i n t e n s i t y  we c a l c u l a t e  t h e  
resonance  c e l l  t empera tu re  and peak microwave Rabi f r equency  t h a t  minimize 
t h e  s h o t  n o i s e  l i m i t e d  Al lan  v a r i a n c e  a s  w e l l  a s  t h e  minimum Al lan  v a r i a n c e  
i t s e l f .  A d d i t i o n a l l y ,  w e  e s t i m a t e  t h e  e f f e c t  of f r equency  n o i s e  f o r  a  
f requency s t a b i l i z e d  d i o d e  l a s e r  on t h e  f requency s t a n d a r d ' s  performance.  
Th i s  n o i s e  i s  t r a n s f e r r e d  t o  t h e  a tomic  s t a n d a r d  v i a  t h e  l i g h t  s h i f t  
e f f e c t , 7  and a s  w i l l  be shown below i t  l i m i t s  t h e  u l t i m a t e  f requency 
s t a n d a r d  s t a b i l i t y .  

O V E K V l E W  OF THE GAS CELL FRECUENCY STANDARD MODEL 1 

In a p r e v i o u s  p u b l i c a t i o n  w e  i n t r o d u c e d  and v a l i d a t e d  a non-empir ica l  model 
of  t h e  gas  c e l l  a tomic  f requency  s t a n d a r d . 8  I n  b r i e f ,  t h i s  model considers 
t h e  r e l e v a n t  g a s  phase p h y s i c s  a s  o c c u r r i n g  on two d i f f e r e n t  s c a l e s .  On 
t h e  mic roscop ic  s c a l e  t h e  0-0 h y p e r f i n e  t r a n s i t i o n  l i n e s h a p e  of a n  
a r b i t r a r y  a l k a l i  atom of h a l f - i n t e g e r  n u c l e a r  s p i n  i s  determined by the 
g e n e r a l i z e d  Vanier  t h e o r y  of a l k a l i  atom h y p e r f i n e  o p t i c a l  pumping.9 * lo 
Among o t h e r  pa ramete r s  t h i s  t h e o r y  c o n s i d e r s  t h e  dependence of t h e  
h y p e r f i n e  l i n e s h a p e  on o p t i c a l  pumping l i g h t  i n t e n s t y  and microwave Rabi 
f requency.  However, because  t h e  b u f f e r  g a s  p r e s s u r e  i n  a  g a s  c e l l  s t a n d a r d  
e f f e c t i v e l y  f r e e z e s  t h e  a l k a l i  atoms i n  p l a c e  on t ime s c a l e s  of t h e  o r d e r  
of a  Rabi p e r i o d ,  l1 and because  t h e  a l k a l i  vapor  i s  not  n e c e s s a r i l y  
o p t i c a l l y  t h i n ,  t h e s e  two p a r a m e t e r s ,  and hence t h e  mic roscop ic  l i n e s h a p e ,  
v a r y  from atom t o  atom w i t h i n  t h e  vapor .  Fur thermore ,  a s  a r e s u l t  of 
d i f f u s i o n  t o  t h e  resonance c e l l  w a l l s ,  where t h e  atoms immediately 
d e p o l a r i z e  on+ $mpact, t h e r e  i s  a  s p a t i a l  d i s t r i b u t i o n  of  h y p e r f i n e  -5 -+ 
p o l a r i z a t i o n  (1.~). I n  some s e n s e  t h i s  s p a t i a l  d i s t r i b u t i o n  of  < I - s >  can 
be imagined a s  be ing  superimposed on t h e  mic roscop ic  p h y s i c s ,  Thus, t h e r e  
i s  a  macroscopic s c a l e  of p h y s i c s  i n  t h e  problem which i s  r e l a t c d  t o  both  
t h e  s p a t i a l  v a r i a t i o n  of o p t i c a l  pumping l i g h t ,  i n , t e n s i t y  and microwave 
Rabi f r equency ,  and t h e  s p a t i a l  d i s t r i b u t i o n  of  < I  S )  due t o  d i f f u s i o n  t o  
t h e  resonance c e l l  w a l l s .  

I n  o r d e r  t o  t r e a t  t h i s  macroscopic. s c a l e  of p h y s i c s  i n  a r e a s o n a b l y  l u c i d  
manner, t h e  problem was reduced t o  one dimension,  s o  t h a t  o n l y  the  
l o n g i t u d i n a l  v a r i a t i o n  of t h e  o p t i c a l  pumping r a t e  and microwave f i e l d  
s t r e n g t h  was c o n s i d e r e d .  This i s  reasonab le  because  t h e  microwave f i e l d  
can be made uniform i n  t h e  t r a n s v e r s e  dimension by d i c l e c t r i c a l l y  l o a d i n g  
t h e  c a v i t y ,  and because  t h e  l a s e r  i n t e n s i t y  can e a s i l y  be made uniform 



ac ross  t h e  f a c e  of t h e  resonance c e l l .  The microwave Rabi f r equency  
d i s t r i b u t i o n  a l o n g  t h e  a x i a l  d imension was determined by t h e  microwave 
c a v i t y  mode, assuming t h a t  t h e  a tomic  resonance c e l l  f i l l e d  t h e  microwave 
c a v i t y .  The a x i a l  v a r i a t i o n  of  t h e  o p t i c a l  pumping l i g h t  i n t e n s i t y  was 
determined by computing a " g l o b a l "  o p t i c a l  pumping parameter  3 i n  a  
s e l f  - c o n s i s t e n t  manner. I n  e s s e n c e ,  t h i s  g l o b a l  o p t i c a l  pumping pa ramete r  
determined the f r a c t i o n a l  p o p u l a t i o n  i n  the o p t i c a l l y  a b s o r b i n g  h y p e r f i n e  
m u l t i p l e t ,  and t h u s  t h e  o p t i c a l  d e p t h  of t h e  vapor u s  a  r e s u l t  of o p t i c a l  
pumping. S ince  we assumed t h a t  t h e  a l k a l i  atoms were e f f e c t i v e l y  f r o z e n  i n  
p l a c e  i n  t h e  resonance  c e l l ,  the  f i r s t  o r d e r  change i n  t r a n s m i t t e d  l i g h t  
i n t e n s i t y  a s  a  f u n c t i o n  of  microwave Rabi f requency f o r  a  wedge of  vapor  of  
t h i c k n e s s  d z  o n l y  depended on t h e  l o c a l  v a l u e s  of t h e  o p t i c a l  pumping l i g h t  
i n t e n s i t y  and microwave Rabi f requency.  I n  o r d e r  t o  i n c l u d e  t h e  e f f e c t  of  
a x i a l  d i f f u s i o n  t h i s  f i rs t  o r d e r  macroscopic  s o l u t i o n  was m u l t i p l i e d  by t h e  
envelope f u n c t i o n  f(z), which d e s c r i b e d  t h e  a x i a l  d i s t r i b u t i o n  of h y p e r f i n e  
p o l a r i z a t i o n  i n  a n  o p t i c a l l y  t h i n  vapor .  When c o n s i d e r i n g  o p t i c a l  pumping 
w i t h  lamps,  where t h e  r e l a t i v e  o p t i c a l  pumping r a t e s  a r e  t y p i c a l l y  low, it 
i s  f a i r  t o  approximate  f ( z )  by M i n g u z z i  e t  a l . ' s  f i r s t  o r d e r  d i f f u s i o n  
mode: 

f ( z )  = s in (nz /L)  , (1 

where L i s  t h e  l e n g t h  of t h e  resonance c e l l .  However, a s  d i s c u s s e d  by 
Franz ,  l3 when t h e  o p t i c a l  pumping r a t e  i n c r e a s e s  t h i s  apraxirnat ion i s  no 
l o n g e r  v a l i d ;  t h i s  p o i n t  w i l l  be c o n s i d e r e d  i n  more d e t a i l  below. 

THE LASER PL'MPED GAS CELL CLOCK 

n i f  f u s i o n  

I n  o r d e r  t o  de te rmine  the enve lope  f u n c t i o n  f ( z )  f o r  t h e  p o t e n t i a l l y  h i g h  
o p t i c a l  pumping r a t e s  a s s o c i a t e d  w i t h  t h e  u s e  of a  d i o d e  l a s e r ,  we c o n s i d e r  
the  t h i n  vapor  o p t i c a l  pumping r a t e  e q u a t i o n  f o r  a  two l e v e l  atom s u b j e c t  
t o  d i f f u s i o n  i n  o n l y  one dimension:  

where P i s  d e f i n e d  a s  t he  normal ized p o p u l a t i o n  d i f f e r e n c e  between t h e  two 
l e v e l s  ( i . e . ,  P = ( n l -  n 2 ) / ( n  -+ n2), w h e r e  ni i s  t h e  number d e n s i t y  o f  atoms 
i n  t h e  l e v e l  i ) ;  and , R and C a r e ,  r e s p e c t i v e l y ,  t h e  l o n g i t u d i n a l  
c o l l i s i o n a l  r e l a x a t i o n  r a t e ,  t h e  photon a b s o r p t i o n  r a t e  ( o n l y  one of t h e  
two l e v e l s  i s  assumed t o  i n t e r a c t  w i t h  t h e  l i g h t )  and the  d i f f u s i o n  
c o e f f i c i e n t .  I n  s t e a d y - s t a t e  t h e  s o l u t i o n  of E q .  ( 2 )  i s  



whe r e  

Normalizing P ( z )  t o  i t s  peak v a l u e  we o b t a i n  the form of  f(z) f o r  a r b i t r a r y  
o p t i c a l  pumping r a t e s :  

T h i s  envelope f u n c t i o n  i s  shown i n  Fig .  1 f o r  s e v e r a l  v a l u e s  of thk 
r e l a t i v e  photon a b s o r p t i o n  r a t e  f o r  t h e  c a s e  of n e g l i g i b l e  c o l l i s i o n a l  
r e l a x a t i o n  (I.e.,Y1 = C ) .  It should  be noted t h a t  a s  t h e  photon a b s o r p t i o n  
r a t e  i n c r e a s e s ,  t h e  envelope f u n c t i o n  becomes n e a r l y  c o n s t a n t .  Thus, t h e  
c o n t r i b u t i o n  of atoms c l o s e r  t o  t h e  resonance c e l l  w a l l s  becomes 
p r o g r e s s i v e l y  more i m p o r t a n t ,  implying t h a t  a t  h igh photon a b s o r p t i o n  r a t e s  
t h e  vapor  i s  more e f f i c i e n t l y  e x p l o i t e d .  Note a l s o  t h a t  even a t  r e l a t i v e l y  
low photon a b s o r p t i o n  rates t h e  vapor  i s  more ef f e c t - l v e l y  e x p l o i t e d  t t ian 
t h e  f i r s t  o r d e r  d i f f u s i o n  mode approx imat ion  would l e a d  one t o  expec t .  
Th i s  phenomenon i s  shown more c l e a r l y  i n  F i g .  2 ,  where t h e  f u l l  w i d t h  a t  
h a l f  maximum of  t h e  envelope f u n c t i o n  i s  p l o t t e d  a s  a  f u n c t i o n  of t h e  
r e l a t i v e  photon a b s o r p t i o n  r a t e .  From t h i s  f i g u r e  i t :  i s  c l e a r  t h a t  once 
t h e  photon a b s o r p t i o n  r a t e  i s  roughly  a n  o r d e r  of magnitude g r e a t e r  than  
t h e  r a t e  o f  d i f f u s i o n  t o  t h e  resonance c e l l  w a l l s  ( i . e . ,  D / L ~ ) ,  t h e  f i r s t  
order d i f f u s i o n  mode approx imat ion  t o  f ( z )  i s  no l o n g e r  v a l i d .  

Lase r  S t a b i l i t y  I 

I n  any a t t e m p t  t o  r e a l i s t i c a l l y  model t h e  performance of a laser pumped g a s  
c e l l  a tomic  f requency  s t a n d a r d  t h e  f requency and i n t e n s i t y  s t a b i l i t y  of t h e  
l a s e r  must be c o n s i d e r e d ,  s i n c e  t h i s  i s  d i r e c t l y  t r a n s f e r r e d  t o  t h e  

! 

f requency s t a n d a r d ' s  s t a b i l i t y  v i a  t h e  light s h i f t  e f f e c t .  l 4  I n  o r d e r  t o  
e s t i m a t e  t h e  s i g n i f i c a n c e  of l ase r  s t a b i l i t y  on t h e  s t a n d a r d ' s  performance,  
we assume t h a t  t h e  l a s e r  i n t e n s i t y  and f requency  n o i s e  a re  u n c o r r e l a t e d ,  s o  I 

t h a t  



where f ,  V and I c o r r e s p o n d ,  r e s p e c t i v e l y ,  t o  t h e  microwave h y p e r f i n e  
t r a n s i t i o n  f requency ,  t h e  o p t i c a l  l a s e r  f r equency  and t h e  l a s e r  i n t e n s i t y .  
Fur thermore ,  w e  imagine t h a t  i n  any  p r a c t i c a l  d e v i c e  t h e  l a s e r  f r equency  
will be a c t i v e l y  s t a b i l i z e d  t o  t h e  c e n t e r  of t h e  a tomic  a b s o r p t i o n  l i n e ,  so 
that w e  takc af / ; ) I = C .  Thus,  tile f requency f l u c t u a t i o n s  of the a tomic  

I s t a n d a r d  o n l y  depend on t h e  s e n s i t i v i t y  of t h e  hyperf  i n e  t r a n s i t i o n  
f requency  t o  t h e  l a s e r  f requency f l u c t u a t i o n s ,  a f  / a  V ,  and t h e  magnitude of  
t h e  l a s e r ' s  f r equency  f l u c t u a t i o n s ,  6 v .  Obviously ,  i t  Is important  t o  
minimize bo th  of  t h e s e  q u a n t i t i e s  f o r  t h e  b e s t  performance.  i 
As d i s c u s s e d  by Mathur e t  a1.14 one can  minimize a f / a v  by increasing t h e  
b u f f e r  gas p r e s s u r e  i n  t h e  resonance c e l l .  However, one  cannot  i n c r e a s e  
t h e  b u f f e r  gas p r e s s u r e  without bound; because  once t h e  p r e s s u r e  broadening 
of t h e  o p t i c a l  a b s o r p t i o n  l i n e  exceeds  t h e  ground s t a t e  h y p e r f i n e  
s p l i t t i n g  , d e p o p u l a t i o n  pumping cannot  c r e a t e  a  p o p u l a t i o n  imbalance 
between t h e  two ground s t a t e  h y p e r f i n e  m u l t i p l e t s .  S i n c e  p r e s s u r e  
broadening rates  a r e  t y p i c a l l y  on t h e  o r d e r  of 10 ~ h z / t o r r , l ~  and s i n c e  t h e  
~h~~ ground s t a t e  h y p e r f i n e  s p l i t t i n g  i s  % 7  G R z ,  we e s t i m a t e d  t h a t  rough ly  
1 0 0  t o r r  of b u f f e r  gas ( o u r  c a l c u l a t i o n  assumes n i t r o g e n )  was t h e  limit on 
tltc maximum b u f f e r  g a s  p r e s s u r c .  

R e c e n t l y ,  Ohtsu e t  a l .  l 6  e s t i m a t e d  t h e  u l t i m a t e  f requency  s t a b i l i t y  of  
p r e s e n t l y  a v a i l a b l e  d i o d e  l a s e r s  due t o  quantum no i se .  B a s i c a l l y ,  t h e  3 

u l t i m a t e  f requency  s t a b i l i t y  of a d i o d e  l a s e r  i s  r e l a t e d  t o  quantulo n o i s e  
v i a  t h r e e  d i f f e r e n t  mechanisms. Fundamentally,  t h e r e  i s  t h e  d i r e c t  quantum 
n o i s e  due t o  t h e  phase n o i s e  a s s o c i a t e d  wi th  spontaneous  emiss ion .  
A d d i t i o n a l l y ,  however, because  t h e  index of  r e f r a c t i o n  of t h e  d i o d e  l a s e r  
depends on t h e  c a r r i e r  d e n s i t y ,  the r e l a x a t i o n  o s c i l l a t i o n s  of  t h e  c a r r i e r  
d e n s i t y  fo l lowing  a  spon taneous  emiss ion  e v e n t  a l t e r  t h e  phase  of t h e  
e n t i r e  l a s e r  f i e l d . 1 7  Fur thermore ,  s i n c e  t h e  c a r r i e r  d e n s i t y  r e l a t e s  t o  
ohmic h e a t i n g ,  and s i n c e  t h e  index  of  r e f r a c t i o n  of t h e  semiconductor  
m a t e r i a l  a l s o  depends on t e m p e r a t u r e ,  t h e r e  i s  an  a d d i t i o n a l  f l u c t u a t i o n  i n  
t h e  phase  of t h e  l a s e r  f i e l d  fo l lowing  a  spon taneous  emiss ion  e v e n t .  
Toge the r ,  t h e s e  p r o c e s s e s  y i e l d  a  w h i t e  n o i s e  Al lan  v a r i a n c e  f o r  t h e  l a s e r  
f requency s t a b i l i t y  i n  CSP d i o d e  l a s e r s  0 "('I) of 9 .02 x  10-12/f i  . 

Y 
i 

T h i s  stability c o u l d ,  however, be improved by i n c r e a s i n g  t h e  d i o d e  laser  
c a v i t y ' s  C. An enhanced c a v i t y  laser cou ld  be made e i t h e r  by i n c r e a s i n g  
t h e  d i o d e  l a s e r ' s  f a c e t  r e f l e c t i v i t y  o r  by i n c r e a s i n g  t h e  l a s e r ' s  l e n g t h .  
I n  t h i s  case one would u l t i m a t e l y  be l i m i t e d  by t h e  a b i l i t y  t o  l o c k  t h e  
d i o d e  l a s e r  f requency t o  a n  a tomic  a b s o r p t i o n  l i n e .  According t o  
S21imoda,l8 f o r  a p e r f e c t  p h o t o d e t e c t o r  and 3 m i l l i w a t t s  o f  d i o d e  l a s e r  
power t h i s  l i m i t  i s  0 I d ( T )  = 8.14 x 1 0 - l 5  /h f o r  a l i n e a r  a b s o r p t i o n  
t e c h n i q u e .  Y 

4 



As p r e v i o u s l y  mentioned It  i s  our  i n t e n t  t o  c a l c u l a t e  t h e  f requency  
s t a b i l i t y  of t h e  a tomic  s t a n d a r d  f o r  v a r i o u s  d i o d e  l a s e r  i n t e n s i t i e s .  P 

However, t h e  p a r t i a l  d e r i v a t i v e  a f / a v  i n  E q .  ( 6 )  i s  e v a l u a t e d  a t  a f ixed  
l a s e r  i n t e n s i t y .  F o r t u n a t e l y ,  s i n c e  8 f / a v  i s  a l i n e a r  f u n c t i o n  of t h e  
l a s e r  i n t e n s i t y ,  we have T 

and I 

where f, and Vo a re  t h e  0-0 h y p e r f i n e  t r a n s i t i o n  f requency  and t h e  D2 
o p t i c a l  t r a n s i t i o n  f requency ,  r e s p e c t i v e l y .  I n  t e rms  of t h e  A l l a n  v a r i a n c e  
Eq. ( 8 )  becomes i 

I 

C 
0 y  = (?)(&) av a r 1.0 y ( T I  , 

L. 

where U y  ( T ) i s  t h e  Al lan  v a r i a n c e  of t h e  c l o c k ' s  f r a c t i o n a l  f r equency  
f l u c t u a t i o n s  due t o  l a s e r  f r equency  f l u c t u a t i o n s .  For 100 t o r r  of 3 

n i t r o g e n ,  u s i n g  t h e  t h e o r y  of  Mathur e t  a t .  ,I4 we c a l c u l a t e  t h a t  (v, If,) 
( a 2 f / a  v a1)=o.68 c m 2 / m w .  

Atomic S tandard  S t a b i l i t y  

From t h e  p receed ing  d i s c u s s i o n  i t  i s  a p p a r e n t  t h a t  i n  t h e  p r e s e n t  work we 
c o n s i d e r  t h e  a tomic  s t a n d a r d ' s  f r equency  s t a b i l i t y  t o  r e s u l t  from two 
u n c o r r e l a t e d  p r o c e s s e s .  The f i r s t  i s  t h e  s h o t  n o i s e  a t  t h e  a tomic  
s t a n d a r d ' s  p h o t o d e t e c t o r ;  t h i s  i s  e q u i v a l e n t  t o  t h e  n o i s e  p r o c e s s  t h a t  
c u r r e n t l y  l i m i t s  t h e  s h o r t  term f requency  s t a b i l i t y  of  g a s  c e l l  a tomic  
f requency  s t a n d a r d s .  A d d i t i o n a l l y ,  t h e r e  i s  t h e  l a s e r  f r equency  n o i s e  
which i s  t r a n s f e r r e d  t o  t h e  a tomic  s t a n d a r d  v i a  t h e  l i g h t  s h i f t  e f f e c t .  I f  
we w r i t e  t h e  c l o c k ' s  t o t a l  w h i t e  n o i s e  A l l a n  v a r i a n c e  as  0 ( T  )= h / f i  , 
t h e n  from Eq. ( 9 )  we have f o r A  : 

Y 

2 2 2 2 A = a  ( I )  + 0 . 4 6 8  I 



where 0 L { ~ )  = BIfi 
Y 

9.02 x lo-'* f o r  c u r r e n t  CSP d i o d e  l a s e r s  
' =  8.14 x 10-15 f o r  an  enhanced c a v i t y  $ d i o d e  laser 

and where a(1) i s  the a tomic  s t a n d a r d ' s  s h o t  n o i s e  l i m i t  c o e f f i c i e n t  f o r  a 
l a s e r  i n t e n s i t y  I computed by o u r  non-empir ica l  model of t h e  g a s  c e l l  
a tomic  f requency  s t a n d a r d  as modif ied  by t h e  more r e a l i s t i c  envelope 
f u n c t i o n  of  q .  ( 5 ) .  Parameters  used i n  t h e  p r e s e n t  c a l c u l a t i o n  a r e  
c o l l e c t e d  i n  Tab le  I. 

RESULTS 

Figure  3 shows how the resonance  c e l l  t e m p e r a t u r e s  and peak microwave Rabi 
f r e q u e n c i e s  t h a t  minimize t h e  c l o c k  s i g n a l ' s  s h o t  n o i s e  Al lan  v a r i a n c e  v a r y  
w i t h  d i o d e  l a s e r  i n t e n s i t y .  S i n c e  t h e  pr imary e f f e c t  of a t empera tu re  
i n c r e a s e  i n  t h e  model i s  t o  i n c r e a s e  t h e  rubidium number d e n s t y ,  i t  i s  
a p p a r e n t  from t h c  f i g u r e  t h a t  i n c r e a s i n g  l a s e r  i n t e n s i t i e s  r e q u i r e  
i n c r e a s i n g  a l k a l i  vapor  d e n s i t i e s .  To t inders tand why t h i s  t r e n d  i s  
p h y s i c a l l y  r e a s o n a b l e ,  i t  i s  on ly  n e c e s s a r y  t o  r e a l i z e  t h a t  t h e  
s igna l - - to -no i se  r a t i o  of  t h e  c lock  goes  roughly  a s  A I / ~ ,  where A 1  i s  t h e  
change i n  t r a n s m i t t e d  l a s e r  i n t e n s i t y  due t o  t h c  microwaves a n d  I, i s  the 
l a s e r  i n t e n s i t y  a t  t h e  e x i t  f a c e  of t h c  resonance c e l l .  If t h c  i n c i d e n t  
l a s e r  i n t e n s i t y  i n c r e a s e s ,  then an i n c r e a s e  i n  t h e  a l k a l i  d e n s i t y  can both  
i n c r e a s e  A 1  and d e c r e a s e  2 ,  ; t h u s ,  t h e r e  i s  a  n e t  i nc rease  i n  t h e  s i g n a l  
t o  n o i s e  r a t i o .  However, f o r  A I t o  i n c r e a s e  wi th  i n c r e a s i n g  l a s e r  
i n t e n s i  t y  and a l k a l i  number d e n s i t y  (note t h a t  an i n c r e a s e d  a l k a l i  number 
d e n s i t y  i m p l i e s  an i n c r e a s e d  s p i n  exchanpe r r l a x a t i o n  r a t e )  t h e r e  must be a  
concomitant  i n c r e a s e  i n  the peak microwave Rabi f requency.  T h i s  can be 
undcrxtuod by n o t i n g  t h a t  t h e  v a l u e  of A 1  b e g i n s  t o  s a t u r a t e  when microwave 
power broadening of t h e  t r a n s i t i o n  l i n e s h a p e  f i r s t  s e t s  i n .  

F i g u r e  4a s l~ows t h e  minimum A l l a n  v a r i a n c e  t h a t  can  be o b t a i n e d  i n  the  
s t a n d a r d  c l o c k  c o n f i g u r a t i o n  a t  a p a r t i c u l a r  i n c i d e n t  l a s e r  i n t e n s i t y  , and 

2 F i g .  4b i s  a m a g n i f i c a t i o n  of t h e  r e g i o n  between .01 and 1 mW/cm . The 
t h r e e  c u r v e s  a re  f o r  t h e  c a s e s  where: 1 )  l a s e r  quantum n o i s e ,  l a s e r  
l o c k i n g  n o i s e  and c lock  s i g n a l  sho t  no i s e  a l l  c o n t r i b u t e  t o  t h e  f requency  
s t a n d a r d ' s  s t a b j l i t y  i e  we assump a  commercia l ly  a v a i l a b l e  d i o d e  
l a s e r ) ;  2 )  o n l y  l a s e r  l o c k i n g  n o i s e  and clock s i g n a l  s h o t  n o i s e  c o n t r i b u t e  
t o  t h e  f requency  s t a n d a r d ' s  s t a b i l i t y  ( i .  e . ,  we assume a n  enhanced c a v i t y  
d i o d e  l a s e r ) ;  and 3 )  o n l y  r l n c k  s i g n a l  sho t  n o i s e  i n f l u e n c e s  t h e  s t a n d a r d ' s  
s t a b i l i t y .  The minimum a t t a i n a b l e  Al lan  v a r i a n c e s  of t h e  d i o d e  l a s e r  
punrpcd rubidium g a s  c e l l  a tocl ic  f requenc y s t a n d a r d  for t h e  t h r e e  d i f f e r e n t  
c a s e s  a r e  c o l l e c t e d  i n  Table  11, a s  w e l l  a s  the c o r r e s p o n d i n g  resonance 
c e l l  t e m p e r a t u r e s  and peak microwave Kabi f r e q u e n c i e s .  Thc most impor tan t  
p o i n t s  t o  n o t e  from t h i s  f i g u r e  a r e :  



1) The b e s t  shot  n o i s e  l i m i t e d  pe r fo rmance  i s  o b t a i n e d  a t  r e l a t i v e l y  
low i n c i d e n t  l a s e r  i n t e n s i t i e s .  Thus,  t h e r e  i s  no obvious 
a d v a n t a g e  t o  o p e r a t i n g  a rubid ium g a s  c e l l  c l o c k  w i t h  a  h i g h  
power s i n g l e - m o d e  d y e  laser. 

2)  Whereas i n  p r e s e n t l y  available rud id ium gas c e l l  f r e q u e n c y  
s t a n d a r d s  t h e  w h i t e  n o i s e  A l l a n  v a r i a n c e  i s  l i m i t e d  by t h e  c l o c k  
s i g n a l '  s s h o t  n o i s e ,  t h e  p r e s e n t  c a l c u l a t i o n s  i n d i c a t e  t h a t  d i o d e  
l a s e r  pumped rub id ium g a s  c e l l  f r e q u e n c y  s t a n d a r d s  w i l l  
u l t i m a t e l y  be l i m i t e d  by t h e  f r e q u e n c y  s t a b i l i t y  of the l a s e r ;  
t h i s  n o i s e  i s  t r a n s f e r r e d  t o  t h e  a t o m i c  s t a n d a r d  v i a  t h e  l i g h t  
s h i f t  e f f e c t ,  

SUMMARY 

In t h e  p r e s e n t  study we have  found t h a t  a diode l a se r  pumped g a s  c e l l  
a t o m i c  f r e q u e n c y  s t a n d a r d  h a s  t h e  p o t e n t i a l  f o r  o r d e r s  o f  magn i tude  
improvement o v e r  e x i s t i n g  gas  c e l l  s t a n d a r d s ,  if t h e  d i o d e  laser  f r e q u e n c y  
i s  w e l l  s t a b i l i z e d .  I n  o r d e r  t o  p u t  t h e s e  r e s u l t s  i n  t h e  p r o p e r  
p e r s p e c t i v e ,  F i g .  5 compares  t h e  b e s t  p r o j e c t e d  A l l a n  v a r i a n c e s  f o r  t h e  
d i o d e  l a s e r  pumped g a s  c e l l  a t o m i c  f r e q u e n c y  s t a n d a r d  d i s c u s s e d  i n  t h i s  
p a p e r  with t h e  proposed  performance o f  t h e  s t o r ed  201Hg i o n  f r e q u e n c y  
s t a n d a r d ;  l9 a d d i t i o n a l l y ,  f o r  r e f e r e n c e  t h e  p r e s e n t  pe r fo rmance  o f  rubid ium 
g a s  c e l l  a t o m i c  f r e q u e n c y  s t a n d a r d s  i s  shown. 20 Though any p r o j e c t i o n  of 
f r e q u e n c y  s t a b i l i t y  must be t a k e n  w i t h  a g r a i n  o f  s k e p t i c i s m ,  i t  i s  clear 
t h a t  t h e r e  a r e  many a v e n u e s  f o r  o r d e r  o f  magni tude  improvement i n  f r e q u e n c y  
s t a n d a r d s ,  and t h a t  t h e  d i o d e  l a s e r  pumped rubid ium g a s  c e l l  a t o m i c  
f r e q u e n c y  s t a n d a r d  i s  a very a t t r a c t i v e  p r o s p e c t .  
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Table I: Parameters  used i n  the c a l c u l a t i o n  o f  t h e  c l o c k  s i g n a l  s h o t  n o i s e  
c o n t r i b u t i o n  t o  the d i o d e  l a s e r  pumped gas c e l l  c l o c k ' s  w h i t e  n o i s e  A l l a n  
v a r i a n c e .  

I 

Table 11: Best w h i t e  n o i s e  Al lan  v a r i a n c e s  and t h e  cor respond ing  l a s e r  
i n t e n s i t i e s ,  resonance c e l l  t e m p e r a t u r e s  and peak microwave Rabi 
f r e q u e n c i e s  f o r  the t h r e e  c a l c u l a t e d  c a s e s :  1 )  clock s i g n a l  s h o t  n o i s e  
p l u s  l a s e r  quantum n o i s e  p l u s  l a s e r  l o c k i n g  n o i s e ;  2)  c l o c k  s i g n a l  s h o t  
n o i s e  p l u s  l a s e r  l o c k i n g  n o i s e ;  3 )  c l o c k  s i g n a l  s h o t  n o i s e  on ly .  

Parameter 
Laser Linewidth  

Ni t rogen  P r e s s u r e  
PhotodetectorRespons iv i ty  

Microwave Cav i ty  
Microwave Cav i ty  Length 
Microwave C a v i t y  Radius  

Value 
50 MHz 

100 t o r r  
0 . 5 a m p s l w a t t  

TE 111 
3.8 cm 
1 . 3 5  cm 

Case 
- 

Laser  C e l l  I Ra b i  
No. 
1 
2 
3 

Intensity 
2.6 pw/cm2 
1 2 0  pW/cm2 
190 pW/cm2 

Temp. 
47" C 
7 1 ° C  
74" C 

Frequency 
1 7  Hz 

140  Hz 
1 7 0  Hz 

Best O y ( ~ )  
2.7 x lC-l '+IJ?  
5.5 x 10-I 5 / ~ y  
5.4 x 10-151fi  



NORMALIZED AXIAL POSITION (zlL) 

Figure  1: The envelope func t ion  f ( z )+de$c r ib ing  t h e  s p a t i a l  d i s t r i b u t i o n  
of hyperf ine  p o l a r i z a t i o n  < I  . S >  a s  a  func t ion  of a x i a l  p o s i t i o n  
w i t h i n  t h e  resonance c e l l .  The c a l c u l a t i o n s  assume t h a t  t h e r e  
i s  no c o l l i s i o n a l  r e l axa t ion  (Yl - 0). Severa l  curves  a r e  shown 
corresponding t o  r e l a t i v e  va lues  of t he  photon abso rp t ion  r a t e  R 
( i .  e . ,  R I Y  diff where Y d i f f  i s  a d i f f u s i o n a l  r e l a x a t i o n  r a t e ) .  
These curves  a r e  t o  be compared wi th  the  f i r s t  o rde r  a x i a l  
d i f f u s i o n  mode s i n  (nz /L) .  

REALISTIC DISTRIBUTION\ / 

0.8 

- 1 0 1 2 3 4 5 
Log [Pholon Absorption RalelRale of Diffusion to Cell Walls] 

Figure  2: The f u l l  v i d r h  a t  h a l f  maximum of t h e  envelope func t ion  
normalized t o  t he  resonance c e l l  l e n g t h  a s  a  func t ion  of t h e  
r e l a t i v e  photon abso rp t ion  r a t e .  The t r u e  s p a t i a l  d i s t r i b u t i o n  
i s  always wider than what t h e  f i r s t  o rde r  d i f f u s i o n  mode would 
p r e d i c t .  However, when R/Yd i f f  ? 100, t h e r e  i s  a s i g n i f i c a n t  
broadening of t h e  s p a t i a l  d i s t r i b u t i o n  of hype r f ine  p o l a r i z a t i o n  
such t h a t  a n a l y s i s  based on a  f i r s t  o rde r  d i f f u s i o n  mode 
approximation i s  i n  e r r o r .  
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Figure  3: L i n g  the non-empirical model of t h e  gas  e l  atomic f requency 
s t anda rd ,  modified by t h e  more a p p r o p r i a t e  envelope func t ion  
d i scussed  i n  t h e  t e x t ,  t h i s  f i g u r e  shows t he  microwave Rabi 
f r equenc ie s  and resonance c e l l  tempera tures  t h a t  minimize the 
clock s i g n a l s '  s h o t  noise  Al lan  va r i ance  a s  a func t ion  of 
i n c i d e n t  l a s e r  i n t e n s i t y .  

-121  
-_  - _ PRESENT RUBIDIUM 

Sl ATE OF THE ART - - -  - - --- 
THFORETICAL CSP 
DlODF l ASEH 
PUMPL D Rb 
STANDAHO 

THEORETICAL ENHANCED 
CAVITY O DIODE LASER 
PUMPED Rb STANDARD +?- 

Figure 5: This f i g u r e  i m  a comparison o f  d iode  l a s e r  pumped c locked 
performance w i t h  p re sen t ly  a v a i l a b l e  rubidium s t anda rds  and t h e  
propoaed 2 0 1 ~ g +  s tandard .  I t  should  be noted,  however, t h a t  
wh i l e  t h e  projec ted  s t a b i l i t i e s  of t h e  diode l a s e r  pumped gas  
c e l l  c lock and mercury i o n  s t anda rd  are s i m i l a r ,  t he  mercury i o n  
s tandard  a s  p r e s e n t l y  envisaged ha8 t h e  p o t e n t i a l  to  be a 
primary s t anda rd .  



Log (Laser Intensity (rn~lcm*)) 

Log (Laser Intensity ( r n ~ l c r n ~ ) )  

Flgure  4: a) Curves 1, 2 and 3 i l l u s t r a t e  the  Al lan  va r i ance  a t  1 second 
f o r  a  d iode  l a s e r  pumped Rb f requency s tandard  wi th  c o n d i t i o n s  
( resonance  c e l l  temperature and microwave Rabl  f requency)  choeen 
i n  such a way t h a t  the clock s i g n a l ' s  sho t  no i se  c o n t r i b u t i o n  is 
a  minimum. Curve 1 assumes c lock s i g n a l  shot  no i se ,  d iode  l a s e r  
quantum no i se  and diode laser frequency locking no i se  a l l  
c o n t r i b u t e  t o  t h e  atomic clock's ~ t a b i l i c y .  Curve 2 assumes 
that  o n l y  c lock s i g n a l  shot n o i s e  and diode  l a s e r  f requency 
locking no i se  a r e  important.  Curve 3 shows t h e  atomic c l o c k ' s  
s t a b i l i t y  i f  on ly  c lock s i g n a l  sho t  n o i s e  i s  p re sen t .  F igure  ' 

( b )  i s  a  magnif ica t ion  of Figure  ( a )  i n  t he  region between 0.01 
and 1 mw/cmZ. 
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QUESTIONS AND ANSWERS 

UNIDENTIFIED QUESTIONER: 
Do you h a v e  any  p l a n s  t o  realize t h i s  d i o d e  pump? 

MR.CAMPAR0: 
Not  a t  t h e  p r e s e n t  time. T h i s  i s  b a s i c a l l y  a  c a l c u l a t i o n  t h a t  a s s u m e s  t h a t  t h e  
expe r imen t  is done p e r f e c t l y .  T h e r e  a r e  a l o t  o f  s y s t e m a t i c  e f f e c t s  t h a t  c o u l d  b e  
a  r e a l  p r o b l e m .  F o r  o n e ,  t h e r e  i s  o p t i c a l  f e e d b a c k .  I n  some of  t h e  work  t h a t  we 

uj 
1 

h a v e  done w i t h  o p t i c a l  pumping you c a n  s e e  t h e  e f f e c t  of o p t i c a l  f e e d b a c k  chang- 
i n g  t h e  f r e q u e n c y  of  t h e  d i o d e  l a s e r .  I t  i s  d r a s t i c .  I f  you h a v e  a n y  o p t i c a l  
feedback, and a n y  m e c h a n i c a l  i n s t a b i l i t y  a s s o c i a t e d  w i t h  your a p p a r a t u s  t h a t  w i l l  
l e a d  t o  l a s e r  f r e q u e n c y  f l u c t u a t i o n s  w h i c h  h a v e  n o t  b e e n  m o d e l e d .  T h i s  c o u l d  
s e r i o u s l y  d e g r a d e  t h e  p e r f o r m a n c e  t h a t  you  w o u l d  g e t  a s  o p p o s e d  t o  o u r  
c a l c u l a t i o n s . T h e  e x p e r i m e n t s  w i l l  h a v e  some t r i c k y  problems t h a t  w i l l  h a v e  t o  be 4 

$ 
worked o u t  t h a t  a r e n ' t  c o n s i d e r e d  i n  t h e  c a l c u l a t i o n s .  




